This study compared commercial composite resin blocks with one ceramic block for use in computer-aided design/computer aided manufacturing (CAD/CAM). Four composite resins, one composite ceramic, and one feldspar-ceramic block were investigated. Flexural strength (FS), flexural modulus (FM), and Vickers hardness (VH) were determined under three conditions: dry storage; immersion in water at 37°C for 7 days; and immersion in water at 37°C for 7 days followed by 10,000 thermocycles. After dry storage, FS ranged from 127 to 242 MPa, FM from 9.6 to 51.5 GPa, and VH from 64 to 455. Two-way ANOVA was performed for FS, FM and VH followed by Tukey's multiple comparison (α<0.05). Results demonstrated that the materials degraded after water immersion and thermocycling, but their properties were within the acceptable range for fabrication of single restorations according to the ISO standard for ceramics (ISO 6872:2008).
INTRODUCTION
Computer-aided design/computer aided manufacturing (CAD/CAM) technologies were introduced in dentistry during the 1980s. During the last decade CAD/CAM systems in dentistry have rapidly gained importance and popularity. CAD/CAM generated dental restorations meet standardized manufacturing processes with uniform material quality, reproducibility of restorations and reduction in production costs. CAD/CAM blocks available for dental restoration include lithium disilicate glass ceramics, leucite-reinforced glass ceramics, feldspathic glass ceramics, aluminum-oxide and yttrium tetragonal zirconia polycrystals 1) , composite resin 2) and titanium that is mostly used for implant abutments 3) . Practitioners' interest in fabricating restorations using CAD/CAM systems continues to grow worldwide. Moreover, the demand for nonmetallic restorations from both clinicians and patients has encouraged researchers to seek alternative materials.
The first CAD/CAM ceramic blocks were launched to the dental market in 1985 4) , having a flexural strength of approximately 120 MPa 5) . These blocks were intended for fabrication of inlays, onlays and veneers. Improved ceramic blocks containing approximately 30 volume% of fine distributed crystals of leucite were developed in 1991 6) . This ceramic material reportedly had enamel-like abrasion characteristics 7) . Therefore, it was considered suitable for fabrication of inlays, onlays and monolithic anterior crown and veneers 8) . Single tooth restorations constructed with this material demonstrated an overall failure rate of approximately 22% after 4 years in service 9) . A recent study of this ceramic material reported a flexural strength of 103 MPa when tested using a three-point bending test 10) . This value is slightly higher than the flexural strength proposed by International Organization for Standardization (ISO) 6872:2008 for single unit restorations 11) . The first composite resin block for CAD/CAM systems was launched in 2000, and was originally a product polymerized by light activation using factory processes 2, 12) . Concurrently with the development of ceramic blocks for CAD/CAM, composite resin technology made considerable progress with the development of nanofilled and nanohybrid composite resins. The new nanofiller-containing composite resins exhibited equivalent mechanical properties to the clinically proven microhybrid type composites and were thus recommended for direct posterior restorations 13) . This development led to the application of these materials for indirect restorations through combined light and heat polymerization modes 14) . Nevertheless, the properties of composite resin still depend largely on the resin matrix used; the filler type, shape and size; and on the filler/ matrix interface coupling 15) . Significant improvement in the mechanical characteristics of composite resin blocks for CAD/CAM was achieved by applying heat-polymerization under high pressure to hybrid, nanofilled and nanohybrid composite resins 16) . Additionally, restorations produced from CAD/CAM composite resin blocks can be more easily fabricated and repaired than restorations made from CAD/CAM ceramic blocks 16, 17) . An approach leading to the improvement of CAD/ CAM ceramic blocks was the substitution of the brittle glass phase with polymer to form a polymer-infiltrated ceramic network. This modification improved the flexural strength and strain at failure 18) . Some reports even claimed that this type of material showed similar properties to natural tooth substance 19) . Several CAD/CAM composite resin block materials are available in the dental market. In Japan, CAD/ CAM-produced composite resin premolar crowns were approved by the Japanese social insurance system in early 2014. However, the properties of these new materials have not yet been clearly elucidated. The objective of this study was therefore to investigate some important characteristics of CAD/CAM composite resin blocks when compared with a clinically proven ceramic block. The null hypothesis was that there would be no difference in characteristics among the CAD/CAM blocks.
Mechanical properties of composite resin blocks for CAD/CAM

MATERIALS AND METHODS
CAD/CAM blocks
The six CAD/CAM block brands, four composite resin blocks (BLO, CER, GRA, ULT), one composite ceramic block (ENA), and one conventional feldspar ceramic block (VIT) as a reference material, are examined in the present study and listed in Table 1 . Their characteristics as claimed by the respective manufacturers are shown in Table 2 .
Three-point bending test
Flexural properties were determined using a threepoint bending test according to ISO 6872: 2008 11) . The bar-shaped specimens, 4.0 mm wide, 14.0 mm long and 1.2 mm thick, were prepared using a low-speed diamond saw (Isomet, Buehler, Lake Bluff, IL, USA). All specimens were wet ground and polished with #600 and #1000 diamond pads (Maruto, Tokyo, Japan) and #1000 diamond sheet (Maruto), mounted on a metallographic lapping machine (Dia-Lap ML-150P, Maruto) to achieve the required dimensions of 4.0±0.2×14.0±0.2×1.2±0.2 mm. To minimize edge failure in the bar specimens during flexural testing, an edge chamfer, 0.15 mm wide, was prepared using the lapping machine with a #1000 diamond sheet. After polishing, all specimens were stored in a desiccator with silica gel for 7 days prior to flexural testing. Thirty specimens of each CAD/CAM block brand were randomly divided into three groups of ten each. Specimens from the first group were kept under dry conditions at room temperature (23±2°C). The second group was stored in 37°C deionized water for 7 days, while the third group was stored in 37°C deionized water for 7 days followed by 10,000 thermal cycles (5°C to 55°C, dwelling time 60 s) using a thermocycling machine (HA-K178, Tokyo Giken Inc., Tokyo, Japan). The width and thickness of each specimen were measured with a digital micrometer (MDC-25M, Mitsutoyo Co., Tokyo, Japan; minimum reading: 0.001 mm). A three-point bending test with a support span of 12.0 mm and a crosshead speed of 1.0 mm/min was conducted at room temperature (23±2°C) using a universal testing machine (AG-X, Shimadzu Corp., Kyoto, Japan). The flexural strength and modulus were calculated using software (TRAPEZIUM X, Shimadzu Corp., Kyoto, Japan). The flexural modulus (E) was calculated using the following formula:
where F is the load at a convenient point in the straightline portion of the load/deflection graph, L is the span distance (12.0 mm), b is the width of the specimen, h is the thickness of the specimen, and d is the deflection at the load F. The flexural strength (σ) was calculated using the following formula:
where F1 is the maximum load during the flexural test.
Vickers hardness test
Ten fractured specimens after the flexural test from each group were used for the Vickers hardness test. The surface hardness of the specimens was measured using a micro hardness testing machine (MVK-H2, Akashi, Kawasaki, Japan). A Vickers indenter, with a load of 300 gf was applied for 15 s dwell time. Five indentations were made on each specimen and the hardness values were averaged.
Measurement of filler content (by ash method)
To measure the mass percentage of inorganic filler content of the CAD/CAM blocks, the standard ash method was used in accordance with ISO 1172:1996 20) . An alumina crucible (PC2, Nikkato, Osaka, Japan) was kept in an electric furnace (Auto Furnace QF1, GC Corp., Tokyo, Japan) set at 625°C for 30 min. After cooling to ambient temperature in a desiccator, the weight of the crucible was measured using a precision digital balance (AUW120D, Shimadzu, Kyoto, Japan; minimum reading: 0.01 mg) until constant mass was obtained. The specimens of each CAD/CAM block (approximately 1 g, n=3) were placed in the crucible, and the weight of each specimen including the crucible was measured with the precision digital balance. The crucible with the specimen was heated in the electric furnace at 625°C for 30 min to burn out the organic matrix. After cooling to ambient temperature in a desiccator, the residue and crucible were reweighed until a constant mass was obtained at two subsequent measurements. The inorganic filler content (mass%) was determined using the following equation:
Filler content=(m 3−m1)/(m2−m1)×100 where m1 is the initial mass of the dry crucible (g); m2 is the initial mass of the dry crucible plus the dried specimen (g); m 3 is the final mass of the crucible plus the residue after calcination (g).
Filler micro-morphology and element analysis
After the bending test, the broken bar-shaped specimens (4.0×7.0×1.2 mm) were observed using scanning electron microscopy (SEM) to evaluate the filler morphology and distribution. The surfaces of the specimens were wet polished using SiC paper (#600, #1500, #2000, and #4000) and diamond lapping films (3.0 µm and 0.3 µm) and subsequently ultrasonically cleaned with acetone for 5 min and with isopropanol for another 5 min. The specimens were dried, mounted on aluminum stubs, and sputter-coated with carbon.
The surface of each specimen was examined using a scanning electron microscope (SEM; S-4500, Hitachi High-technologies Corp., Tokyo, Japan) and an energydispersive X-ray spectroscope (EDS; EMAX-7000, Horiba, Kyoto, Japan). SEM and EDS analyses were performed on each specimen in three randomly selected areas. EDS analysis for each selected area was carried out under 15 kV acceleration voltage for 100 s.
Statistical analysis
The flexural strength, flexural modulus and hardness were separately analyzed with two-way analysis of variance (ANOVA) with type of CAD/CAM block and storage conditions as the main factors, followed by Tukey's post-hoc comparisons. The filler content was analyzed using one-way ANOVA and Tukey's post-hoc comparison. The significance level was set at α=0.05.
RESULTS
Results of flexural strength, flexural modulus, Vickers hardness, and inorganic filler content are summarized in Table 3 .
The flexural strength determined after dry storage ranged from 126.6 to 242.0 MPa. Flexural strength was lower after 7-day water storage and thermocycling. Twoway ANOVA suggested that the two main factors (type of CAD/CAM block and storage conditions) and their interaction were significant. The flexural strength of BLO, CER and ULT was significantly decreased after 7-day water storage when compared with dry storage, but not after water storage and thermocycling. The flexural strength of GRA did not change significantly after 7-day water storage but was significantly lower after thermocycling. ENA and VIT specimens showed no significant change in flexural strength after each of the storage modes tested. The flexural modulus under dry conditions ranged from 9.6 to 51.5 GPa. These values changed slightly after 7-day water storage and thermocycling. Two-way ANOVA suggested that the two main factors and their interaction were significant. The flexural modulus of BLO and ULT did not change after 7-day water storage but significantly decreased after thermocycling, whereas the flexural modulus of GRA, CER, and ENA did not change. The flexural modulus of VIT was significantly greater after thermocycling than after dry storage.
The hardness of specimens kept under dry condition ranged from 64.1 to 454.8. These values decreased after 7-day water storage and thermocycling. Twoway ANOVA suggested that the two main factors were significant, but not their interaction. The hardness of VIT was significantly greater than any of the other materials tested. The ranking of hardness figures was as follows: VIT>ENA>ULT≥GRA>BLO≥CER. Hardness after the three storage conditions was significantly different as follows: dry condition>7-day water storage>thermocycling.
The inorganic filler content was significantly different among all materials tested: VIT>ENA>ULT>GRA>CER>BLO.
SEM images of the CAD/CAM blocks are shown in Fig. 1 . BLO exhibited two types of spherical particles, composed of silica and zirconium silicate. CER contained relatively small and uniformly distributed particles of alumina-barium-silicate. GRA contained two distinct particle types: relatively large irregularly shaped particles consisting mainly of silica, and relatively small irregularly shaped fillers consisting of potassiumalumina-silicate. ULT exhibited a wide range of zirconiumsilicate particle sizes. ENA was characterized by a dense network structure mainly consisting of potassiumalumina-silicate and small particles of yttriumsilicate. VIT exhibited a dense network-like structure mainly consisting of potassium-alumina-silicate, small particles of yttrium-silicate and a small component of zirconium-silicate and yttrium-silicate particles probably representing coloring agents.
DISCUSSION
Four composite resin blocks and one composite ceramic block were selected and compared with a feldspar ceramic block.
According to the SEM observations, the inorganic BLO: small white spherical particles (white arrow) of zirconium silicate and large spherical particles (black arrow) of silica; CER: uniform small particles of aluminabarium-silicate; GRA: large irregular shaped particles (white arrow) of silica and small irregularly shaped particles of potassium-alumina-silicate; ULT: wide size range of zirconium-silicate fillers; ENA: dense network structure of potassium-alumina-silicate, small white particles of yttrium-silicate (white arrow); VIT: network-like structure of potassium-alumina-silicate, small white particles of yttrium-silicate (white arrow) and zirconium-silicate (black arrow).
filler content and the EDS analysis, three types of structure were observed: resin matrix structure with filler (BLO, CER, GRA, and ULT), ceramic network structure with resin matrix (ENA), and ceramic structure (VIT). Several mechanical properties may be considered for restorative material evaluation. The flexural test used in this study followed the well-established and widely accepted test method described in the ISO standard 11, 21) . Three-point bending and Vickers hardness were selected as relatively simple and reliable test procedures.
The geometry of the three-point bending test specimens for restorative composite resins (ISO 4049:2009 21) ) and ceramics (ISO 6872: 2008 11) ) is not identical. Because of the limitation of the CAD/CAM block size, the geometry for ceramics was selected in this study. The flexural properties obtained from the two standard test methods were reportedly not identical but provided similar results 22) . Statistical analysis of the examined properties showed significant differences among the CAD/CAM blocks tested. Therefore, the null hypothesis that there was no difference in characteristics among the CAD/ CAM blocks was rejected.
The results of flexural strength and modulus after dry storage and the inorganic filler contents were similar to the values claimed by the manufacturers. The flexural strength of CAD/CAM composite resin blocks was higher than that of recently developed nanofilled composite resins 13) . The flexural modulus results of GRA and ULT were similar to that of dentin, 17.7-29.8 GPa 23) . In contrast, VIT rated a similar flexural modulus to enamel, 72.7-105.5 GPa 24, 25) . Seven-day water storage and thermocycling affected the flexural strength and flexural modulus of CAD/CAM composite resin blocks, but not those of ENA and VIT. Immersion in water caused water penetration into the resin matrix of the composite resin blocks, softening the polymer 15) . Moreover, it may be hypothesized that the absorbed water would cause hydrolysis of the interfacial silane coupling agent, especially in case of zirconium silicate that is not effectively silanized due to the high crystalline content 26) . Accordingly, the flexural strength and modulus of zirconia-containing composite resin blocks, especially BLO and ULT, decreased after 7-day water storage and thermocycling. However, ENA and VIT with their ceramic network structure did not absorb water. Future studies regarding cyclic loading and long-term storage are recommended for CAD/CAM composite resin blocks.
The surface hardness of a material is a relative measure of resistance to an external indentation force. Indentation hardness has been considered a predictor of the wear resistance of a material 27) . In several studies investigators tried to find a relationship between the hardness and wear resistance of composite resins. However, the results were ambiguous 28, 29) . Results of the two-way ANOVA of hardness values suggested that the type of material and storage conditions were significant.
The changes in composite resin blocks after 7-day water storage and thermocycling could be attributed to water absorption in the matrix resin causing swelling of the network and reduction in the frictional forces between polymer chains 15) . However, ENA and VIT were only slightly affected by 7-day water storage and thermocycling due to their ceramic network structure.
The flexural properties of composite resin blocks tested in this study were comparable to those of a ceramic block, but still far inferior to the reported value of lithium disilicate glass ceramic and densely sintered yttrium-stabilized zirconia for CAD/CAM 30) . The results of this present study suggest that restorations fabricated from the CAD/CAM composite resin blocks investigated are suitable when limited to single premolar crowns, but not for fixed partial prostheses as recommended in ISO 6872:2008 11) .
